We report kinetically controlled chiral supramolecular polymerization based on ligand-metal complex with a 3 : 2 (L : Ag + ) stoichiometry accompanying a helical inversion in water. A new family of bipyridine-based ligands (D-L 1 , L-L 1 , D-L 2 , and D-L 3 ) possessing hydrazine and D-or L-alanine moieties at the alkyl chain groups has been designed and synthesized. Interestingly, upon addition of AgNO 3 (0.5-1.3 equiv.) to the D-L 1 solution, it generated the aggregate I composed of the D-L 1 AgNO 3 complex (D-L 1 : Ag + ¼ 1 : 1) as the kinetic product with a spherical structure. Then, aggregate I (nanoparticle) was transformed into the aggregate II (supramolecular polymer) based on the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex as the thermodynamic product with a fiber structure, which led to the helical inversion from the left-handed (M-type) to the right-handed (P-type) helicity accompanying CD amplification. In contrast, the spherical aggregate I (nanoparticle) composed of the D-L 1 AgNO 3 complex with the left-handed (M-type) helicity formed in the presence of 2.0 equiv. of AgNO 3 and was not additionally changed, which indicated that it was the thermodynamic product. The chiral supramolecular polymer based on (D-L 1 ) 3 Ag 2 (NO 3 ) 2 was produced via a nucleation-elongation mechanism with a cooperative pathway. In thermodynamic study, the standard DG and DH e values for the aggregates I and II were calculated using the van't Hoff plot. The enhanced DG value of the aggregate II compared to that of the formation of aggregate I confirms that aggregate II was thermodynamically more stable. In the kinetic study, the influence of concentration of AgNO 3 confirmed the initial formation of the aggregate I (nanoparticle), which then evolved to the aggregate II (supramolecular polymer). Thus, the concentration of the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex in the initial state plays a critical role in generating aggregate II (supramolecular polymer). In particular, NO 3 À acts as a critical linker and accelerator in the transformation from the aggregate I to the aggregate II. This is the first example of a system for a kinetically controlled chiral supramolecular polymer that is formed via multiple steps with coordination structural change.
Introduction
Control of helicity in dynamic supramolecular assemblies based on metal-ligand coordinated architectures such as capsules, cages, and helices has rapidly developed into one of the most successful and versatile strategies in supramolecular chemistry, 1-5 largely due to its essential role in biomolecules such as DNA and proteins. In addition, numerous articial helical systems, ranging from oligonucleotides and peptidemimetics to oligomers and polymers, have been developed.
Metallosupramolecular polymers based on metal-ligand coordination have attracted much attention as a signicant class of organic/inorganic hybrid supramolecular materials. Because of the incorporation of metal complexes in metallosupramolecular polymers, these metal-containing systems exhibit redox, optical, electrochromic, catalytic, and magnetic properties as well as the usual properties of organic polymers. [31] [32] [33] [34] Chiral metallosupramolecular polymers are particularly attractive because they are adaptable to chiral recognition and sensing, and asymmetric catalysis. 35, 36 In particular, recent advances in kinetic control over the dynamic structural and functional state of the metastable state (i.e., the out-of-equilibrium state) in supramolecular systems has allowed the development of supramolecular polymers with unprecedented structural complexity and sophisticated functionality. [15] [16] [17] [37] [38] [39] [40] [41] [42] [43] Such metastable states, in which spontaneous self-assembly is kinetically suppressed owing to competing aggregation and intramolecular hydrogen bonding, have been utilized to control the self-assembly behavior of supramolecular polymers. 16, 40, 41 Furthermore, understanding articial supramolecular systems from kinetic perspectives has improved in terms of pathway complexity. 39, 41, [43] [44] [45] Moreover, the growth mechanisms of supramolecular polymerization can now be interpreted by the thermodynamic (cooperative or isodesmic) models proposed by Meijer et al. 42, 43, 46 Such studies have demonstrated that self-assembly pathways play a signicant role in determining thermodynamic or kinetic products. Thus, these previous works demonstrate that achieving kinetically programmable out-ofequilibrium states in supramolecular systems is a signicant challenge related to achieving desired characteristics for dynamic self-assembly processes in supramolecular polymerization. For example, Besenius and co-workers demonstrated the kinetically controlled supramolecular polymerization of an Au(I)-metallopeptide in water. 37 This metal complex kinetically assembles into metastable nanorods at room temperature but is converted into a thermodynamic equilibrium bril state upon heating. Similarly, Fernández and co-workers recently demonstrated packing polymorphism in a supramolecular polymer achieved from an amphiphilic Pt(II) complex through the kinetically controlled pathway. 15 However, kinetically controlled chiral supramolecular polymerization accompanying helical inversion, based on metal-coordinated building blocks by controlling the concentration of the unique complex structure has not been successful in water. Thus, kinetically controlled metalcoordinated chiral supramolecular polymerization that exhibits pathway complexity with unique metal-ligand building blocks remains highly challenging.
Based on these considerations, we designed a new family of chiral bipyridine-based ligands (D-L 1 , L-L 1 , D-L 2 , and D-L 3 ) that have hydrazine and/or D-or L-alanine moieties at the alkyl chain groups as a chiral segment and a binding site for intermolecular hydrogen-bonding interactions in supramolecular polymerization ( Fig. 1 ). The Ag + ion was selected as a guest ion because it forms a variety of coordination geometries with bipyridine-based ligands, such as linear, triangular, square planar, and tetrahedral structures with different coordination numbers. [47] [48] [49] In particular, there is a rarely observed Ag-Ag interaction in complexes obtained from Ag + ions when three ligand molecules are coordinated with two Ag + ions. Furthermore, the Ag-Ag interaction also acts as an additional driving force and a metal-coordinated chiral seed in chiral supramolecular polymerization.
Surprisingly, we found that the le-handed (M-type) chiral bipyridine complexes (D-L 1 ) 2 AgNO 3 and D-L 1 AgNO 3 are formed at less than 0.5 equiv. and at over 1.4 equiv. of AgNO 3 , respectively. More interestingly, the addition of 0.5-1.3 equiv. of AgNO 3 to a D-L 1 solution generates the D-L 1 AgNO 3 complex, which forms aggregate I with a spherical structure. However, this eventually forms aggregate II with a ber structure based on the (D-L 1 ) 3 Ag 2 NO 3 complex, involving le-handed (M-type) to right-handed (P-type) helicity conversion. The supramolecular polymerization that forms the ber structure occurs via a cooperative pathway by a nucleation-elongation mechanism that is kinetically controlled by the concentrations of Ag + and NO 3 À . Thus, we herein report kinetically controlled chiral supramolecular polymerization in water based on a unique complex building block.
Results and discussion
Stoichiometric ratios of self-assembled complexes with Ag + by ESI-MS Because bipyridine-based ligands form a variety of complexes with Ag + , we rst investigated the complexation behavior of ligand D-L 1 , using high-resolution electrospray ionization mass spectrometry (HR ESI-MS) (Fig. S1-S4 †). We conrmed that D-L 1 formed mainly (D-L 1 ) 2 AgNO 3 , (D-L 1 ) 3 Ag 2 (NO 3 ) 2 , and D-L 1 AgNO 3 complexes with 0.4, 1.0, and 2.0 equiv. of Ag + , respectively (see ESI: explained in detail †).
Helicity inversion in the formation of supramolecular polymers in the presence of Ag + ion
To investigate the helicity of self-assembled complexes comprising D-L 1 (with D-alanine moieties) and L-L 1 (with Lalanine moieties) with Ag + , time-dependent circular dichroism (CD) and UV-Vis analysis of D-L 1 (8 mM) was performed for three different concentrations (0.4, 1.0, and 2.0 equiv.) of AgNO 3 at 25 C ( Fig. 2 and S5 †). The negative CD signals immediately increase upon addition of 0.4 and 2.0 equiv. of AgNO 3 but were not inverted to a positive CD signal ( Fig. 2C : (a and c)). Conversely, the negative CD signal at 334 nm was inverted to a positive CD signal with 1.0 equiv. of AgNO 3 aer 70 min and was enhanced drastically ( Fig. 2A and C: (b)). The transparent solution prepared with D-L 1 (8 mM) and AgNO 3 (1.0 equiv.) also changed to a colloidal suspension during the CD measurement (as observed by ESI/TOF-MS measurement). The CD inversion was due to the formation of the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex, which has right-handed (P-type) helicity. Furthermore, the weak CD signal intensity of D-L 1 with 1.0 equiv. of AgNO 3 is due to the presence of three complexes with different helicities in the initial state (Fig. 2C ). The plot of the CD intensity and UV-Vis spectral changes showed a non-linear sigmoidal transition characterized by a nucleation-elongation mechanism ( Fig. 2C and D). The long lag time in the CD and UV-Vis observations implies the existence of the kinetic aggregate. We also observed the CD spectra of the supramolecular polymeric D-L 1 complexes at various concentrations (0-2.0 equiv.) of Ag + aer aging for 3 h to eliminate the time effect ( Fig. 3 ). The CD signal of complex D-L 1 (8 mM) was observed at a mole ratio below 0.5 as a negative signal at 315 nm, which we ascribe to the bipyridine derivative D-L 1 chromophores. These negative signals in the CD analysis indicate that complex (D-L 1 ) 2 AgNO 3 with four coordination was orientated to the le-handed direction (Schemes 1 and S1A †). Interestingly, the positive CD signal at 334 nm for supramolecular polymer D-L 1 in cases where the Ag +to-D-L 1 mole ratio was greater than 0.4 was gradually enhanced ( Fig. 3A and C) , reaching a maximum at a Ag + -to-D-L 1 mole ratio of 1.0 ( Fig. 3C ). This CD inversion was due to the transformation of (D-L 1 ) 2 AgNO 3 (anisotropic factor, |g| ¼ 1.0 Â 10 À3 at 334 nm) and D-L 1 AgNO 3 complexes into the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex, as shown in Scheme S1B. † Thus, the addition of 0.5-1.3 equiv. of AgNO 3 generates aggregate I composed of the D-L 1 AgNO 3 complex (|g| ¼ 8.0 Â 10 À3 at 334 nm) with le-handed helicity as the kinetic product, and then nally aggregate II is formed based on the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex (|g| ¼ 1.45 Â 10 À2 at 334 nm), which has right-handed (P-type) helicity (Schemes 1 and S1B †) as the thermodynamic product.
Furthermore, the transparent solution became a colloidal suspension at 0.5-1.3 equiv. of Ag + . Aer separation, we observed the CD spectra of both the colloidal particles and the ltered solution. The colloidal particles dispersed in water exhibited an intense positive CD signal ( Fig. S6a †) , which was almost the same as that for the solution before ltration. However, the ltrate exhibited an extremely weak negative CD signal ( Fig. S6b †) . These ndings indicate that complexes (D-L 1 ) 2 AgNO 3 and D-L 1 AgNO 3 present before CD inversion change to (D-L 1 ) 3 Ag 2 (NO 3 ) 2 as the colloidal aggregate II upon achieving chemical equilibrium, as shown in Schemes 1 and S1B. † These results provide clear evidence that the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex plays an essential role as a nucleus (seed) in the formation of aggregate II. In addition, it is noteworthy that AgNO 3 acted as a key component in forming aggregates I and II. More importantly, the positive CD signal for the supramolecular polymer obtained with 1.0 equiv. of Ag + did not change upon further addition of AgNO 3 (Fig. S7 †) , indicating that aggregate II is the thermodynamic product. When the Ag + -to-D-L 1 mole ratio increases beyond 1.0, the intensity of the CD signal for the supramolecular polymer gradually decreases again ( Fig. 3A and C). This decrease in the positive CD signal was due to the coexistence of aggregate II and the monomeric D-L 1 AgNO 3 complex species. At 1.3 equiv. of AgNO 3 , time-dependent CD spectra of D-L 1 (8 mM) did not change aer 180 min, indicating that the kinetic product was not existed ( Fig. S8 †) . However, a small amount of monomeric 1 : 1 complex species, which does not form the spherical structure, exists with the thermodynamic product. Finally, the negative CD signal for D-L 1 at over 1.4 equiv. of AgNO 3 is attributed to the formation of the D-L 1 AgNO 3 complex as the main product (Scheme S1C †), which indicates that the D-L 1 AgNO 3 complex has M-helicity (le-handed helicity). In addition, the negative CD signal obtained at 1.5 equiv. of Ag + was inverted to the positive signal when 0.5 equiv. of free D-L 1 was added to a mixture of D-L 1 and Ag + (1.5 equiv.) ( Fig. S9 †) . This CD inversion was due to the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex, which was generated from the D-L 1 AgNO 3 complex. We conclude that the aggregate II as the thermodynamic product was only produced for 0.5-1.3 equiv. of Ag + (Fig. 3D and Scheme 1).
In contrast, the CD spectra of complex L-L 1 (8 mM) upon addition of AgNO 3 (0-0.4 equiv.) exhibited a positive signal at 315 nm ( Fig. 3B and C) , which is exactly opposite to the behavior of complex D-L 1 with Ag + . This positive CD signal indicates that the bipyridine moiety of L-L 1 is orientated in the right-handed (P-type) direction. The positive CD signal of L-L 1 was inverted into an intensely negative CD signal when 0.5-1.3 equiv. of Ag + was added to L-L 1 . This chiral inversion is also due to the transformation from (L-L 1 ) 2 AgNO 3 and L-L 1 AgNO 3 complexes into complex (L-L 1 ) 3 Ag 2 (NO 3 ) 2 , which led to the formation of the le-handed aggregate II. However, the positive CD signal of L-L 1 was also observed when 1.4-2.0 equiv. of AgNO 3 was added to L-L 1 , which was attributed to the formation of aggregate I (nanoparticles) based on the L-L 1 AgNO 3 complex by path A in Scheme 1.
In order to investigate their linear dichroism (LD) effects, the LD spectra of D-L 1 (8 mM) and L-L 1 (8 mM) with AgNO 3 (1.0 and 1.4 equiv.) were observed under the same conditions as those used for CD observations (Fig. S10 †) . Extremely weak LD signals were obtained for D-L 1 and L-L 1 in the presence of AgNO 3 (1.0 and 1.4 equiv.). These results imply that the LD effect is only marginally affected by the CD response of supramolecular polymers.
To determine how anions effect the production of supramolecular polymers, we further observed the handedness of the supramolecular polymer upon addition of AgBF 4 , AgClO 4 , AgPF 6 , or AgOTf instead of NO 3 À . As shown in Fig. S11 , † the negative CD signals for complex D-L 1 formed with 0-2.0 equiv. of AgBF 4 , AgClO 4 , AgPF 6 , or AgOTf showed a slightly enhanced intensity, but they did not invert to the positive signal even though 3 : 2 complex (D-L 1 : Ag + ) formation was conrmed by HR ESI-MS ( Fig. S12 -S15 †). These ndings imply that the NO 3 À anion plays a critical role in the formation of aggregate II, as shown in Schemes 1 and S1B. †
Role of NO 3 À anion in the supramolecular polymerization
To demonstrate the essential role of NO 3 À in the formation of the supramolecular polymer, we also observed the CD spectral changes for D-L 1 in the presence of 1.0 equiv. of AgOTf, AgClO 4 , AgBF 4 , or AgPF 6 upon the addition of 2.0 equiv. of NaNO 3 (Fig. S16 †) . The weak negative CD signal became a positive CD signal when NaNO 3 (0.4 equiv.) was added to a mixed D-L 1 and AgOTf (1 : 1 equiv.) solution. The continuous addition of NaNO 3 gradually enhanced the positive CD signals, and the signal reached a maximum at 2.0 equiv. of NaNO 3 (Fig. 4) , which was due to the generation of the aggregate II based on (D-L 1 ) 3 Ag 2 (NO 3 ) 2 . The peak for the [(D-L 1 ) 3 Ag 2 NO 3 ] + fragmented from the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex was clearly observed in HR ESI/TOF-MS measurement (Fig. S17 †) . This led not only to the helical inversion but also to the formation of supramolecular polymers. These results indicate that NO 3 À plays a key role in not only the formation of the supramolecular polymer via the bridge effect but also helical inversion by path B, as shown in Scheme 1. As a reference experiment, HR ESI-MS and CD spectra of D-L 2 , and D-L 3 without ethyl alcohol or the hydrazine moiety at both ends were observed upon addition of AgNO 3 . The formation of the (D-L 2 ) 2 AgNO 3 , (D-L 2 ) 3 Ag 2 (NO 3 ) 2 , or D-L 2 AgNO 3 complexes obtained at different concentrations of Ag + (0.4, 1.0, and 2.0 equiv. of Ag + ) was conrmed via HR ESI-MS ( Fig. S18 -S20 †). As expected, the D-L 2 complex structures with different concentrations of Ag + showed a similar tendency as that D-L 1 . The CD inversion of D-L 2 (8 mM) with 0.8-1.1 equiv. of AgNO 3 occurred due to the formation of aggregate II based on the (D-L 2 ) 3 Ag 2 (NO 3 ) 2 complex (Fig. S21 †) . However, the CD intensity for the supramolecular polymer D-L 2 was ca. 4.3-fold lower than that of supramolecular polymer D-L 1 under a same condition, which was attributed to the weak complex formation between D-L 2 and Ag + . However, the negative CD signal did not invert to a positive CD signal when 1.0 equiv. of AgNO 3 was added to D-L 3 (8 mM), which does not have the hydrazine moiety ( Fig. S22 †) , because of no formation of 3 : 2 complex (D-L 3 : Ag + ) as shown in Fig. S23 . † These ndings indicate that the amine in the hydrazine group plays a critical role in 3 : 2 complex formation (D-L 3 : Ag + ).
Interestingly, upon addition of NaCl (0.9 equiv.) to aggregate I, a positive CD signal resulted, and the maximum positive CD signal was reached with 1.3 equiv. of NaCl (Fig. S24 †) . The (D-L 1 ) 2 AgNO 3 complex and free D-L 1 were generated by decomplexation of D-L 1 AgNO 3 in the presence of NaCl, and this eventually produced (D-L 1 ) 3 Ag 2 (NO 3 ) 2 , which enables the formation of aggregate II, as shown in Scheme S1C. † The largest positive CD signal induced via 1.3 equiv. of NaCl was ascribed to the formation of the largest amount of the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex. Thus, this CD inversion was due to transformation from the D-L 1 Ag to the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex, which led to further formation of aggregate II.
NMR and IR studies of aggregates I and II
To determine the exact binding site of D-L 1 for NO 3 À in the formation of the supramolecular polymer, we obtained the 1 H NMR spectrum of D-L 1 in the presence and the absence of AgNO 3 in D 2 O and H 2 O (1 : 1 v/v) ( Fig. S25-S27 †) . These results suggest that the supramolecular polymer constructed from p-p stacking interactions, and the intermolecular hydrogenbonding interactions between D-L 1 and D-L 1 were weakened due to the linkage with NO 3 À between the hydrazine moiety of D-L 1 and D-L 1 (see ESI: explained in detail †). The FT-IR results provide evidence for the intermolecular hydrogen bonds between the hydrazine NH and the NO 3 À in the chiral supramolecular polymers ( Fig. S28 and S29, see ESI: explained in detail †). In addition, a sharp powder X-ray diffraction (XRD) peak for aggregate II was observed at 2q ¼ 32 ( Fig. S30 †) , which corresponds to an Ag-Ag interaction with a distance of 2.8Å. 48 This suggests that NO 3 À did not coordinate with Ag + . The Ag-Ag interaction observed likely plays an important role in the chiral supramolecular polymerization. Thus, based on the FT-IR, powder XRD, and 1 H NMR results, we determined that NO 3 À acted as a bridge to produce the helical supramolecular polymeric structure. This is in agreement with results previously reported by the Miyake group. 50
Morphology observation of aggregates I and II by AFM
To conrm the morphology changes of the supramolecular polymers formed at different concentrations of AgNO 3 , we performed time-dependent atomic force microscopy (AFM) experiments ( Fig. 5 ). For this purpose, freshly prepared solutions of D-L 1 with and without AgNO 3 (0.4, 1.0, 1.3, and 2.0 equiv.) were quickly dropped onto silicon wafers at 298 K aer a constant aging time. This xed the sample on the silicon wafer surface because it acts like a mode and prevents structural changes in the material during drying.
In the absence of AgNO 3 , the AFM image of pristine D-L 1 showed ber structures with widths of ca. 30 nm and lengths of several-hundred micrometers (Fig. S31 †) , indicating nanostructural formation of D-L 1 by p-p stacking. This ber structure did not change with time, which indicative that the ber structure was the thermodynamic product. In contrast, no distinct morphology for the D-L 1 solution with 0.4 equiv. of AgNO 3 was observed regardless of aging time, indicating that the (D-L 1 ) 2 AgNO 3 complex did not elongate to form aggregates I or II. However, time-dependent AFM images of the D-L 1 solution containing AgNO 3 (2.0 equiv.), which formed complex D-L 1 AgNO 3 , were observed at different aging times. Aer aging for 10 min, the AFM image showed spherical structures with a diameter of ca. 50 nm (Fig. S32 †) . The spherical structures with dimensions close to 5 nm, as previously reported by Meijer's group, 51 were similar to that of the micelle type containing a chiral molecular arrangement. This sphere would consist of the bilayer structure, because the full extended molecule length of D-L 1 is ca. 3 nm.
No signicant morphological changes were observed aer aging for two weeks, indicating that the spherical structure was the thermodynamic product. The morphology changes were further supported by dynamic light scattering (DLS) study (Fig. S33b †) . Note that a growth pattern in the scattering intensity was not observed, which means that the morphology did not change. This nding suggests that the nanoparticles formed in the presence of 2.0 equiv. of AgNO 3 were a thermodynamic aggregate, as shown in Scheme S1C. † Interestingly, the D-L 1 solution containing AgNO 3 (1.0 equiv.) had only small spherical structures with ca. 50 nm diameters at an aging time of 10 min (Fig. 5A ), which originated from aggregate I (Scheme 1). Aer 90 min, the AFM image showed onedimensional nanorods with 200 to 300 nm length and nanoparticles with ca. 50 nm diameter (Fig. 5B) , which were due to aggregate II and the aggregate I, respectively. Upon allowing the solution to age for 120 min at 298 K, the nanorods grew into brous structures ( Fig. 5C and D) . This was clear evidence that the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex grew into one-dimensional bers with intermolecular interactions as shown in Scheme 1. These bers had an average thickness of $3 nm by AFM observation (Fig. S34 †) , which is consistent with the fully extended molecular length of ligand D-L 1 . Based on density functional theory (DFT) calculations, one ber should consist of ca. 20 units of (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex in the width direction ( Fig. S34 †) . As shown by the DLS study ( Fig. S33a †) , the growth pattern in scattering intensity was similar to the time-dependent change in the CD signal at 334 nm. This clearly indicates that the spherical structure as the kinetic product was transformed into the ber structure as the thermodynamic product. Furthermore, only brous structures were observed in the presence of 1.3 equiv. of AgNO 3 aer aging for 180 min (Fig. S35 †) , indicating that the thermodynamic product but not the kinetic product existed.
To conrm the anion effect in the formation of the supramolecular bers, we obtained AFM images of the D-L 1 solution containing AgOTf (1.0 equiv.). No signicant morphological changes were observed, regardless of aging time. However, a narrow size distribution for the nanoparticles was observed during the lag time when NaNO 3 (1.0 equiv.) was added to a D-L 1 solution containing AgOTf (1.0 equiv.) (Fig. S36A †) . These nanoparticles were transformed into brous structures several micrometers in length upon 90 min of aging ( Fig. S36B and C †) . This is indirect evidence that NO 3 À acted as a bridging ligand between the hydrazine groups of complex D-L 1 to generate the chiral supramolecular polymer. For D-L 2 with AgNO 3 (1.0 equiv.), the AFM image showed nanoparticles with ca. 50 nm diameter during the initial stage ( Fig. S37A †) . Then, helical brous structures with 100 mm length and 50 nm diameter was observed aer 90 min of aging ( Fig. S37B †) . These results suggest that the supramolecular polymerization mechanism for D-L 2 was the same as that for D-L 1 and L-L 1 . We also conrmed the morphology of D-L 3 (8 mM) with and without AgNO 3 (1.0 equiv.) by AFM. The AFM image did not show any distinct morphologies for solutions of D-L 3 in the presence and the absence of AgNO 3 (1.0 equiv.) ( Fig. S38 †) , because D-L 3 could not form intermolecular hydrogen-bonding interactions between the -NH of the hydrazine moiety and NO 3 À .
DFT calculation for complexes formation with Ag + ion
To gain insight into the inuence of NO 3 À on formation of the D-L 1 and Ag + complex, we used DFT to optimize the structures of the complexes as conrmed by HR ESI-MS. During optimization, we considered the solvation effect of water by employing a conductor-like polarizable continuum model. 52 Here, we optimized three complexes, i.e., D-L 1 AgNO 3 , (D-L 1 ), 2 AgNO 3 , and (D-L 1 ) 3 Ag 2 (NO 3 ) 2 , depending on the number of NO 3 À ions and D-L 1 .
As shown in Fig. 6 , S39 and S40 † (see ESI: explained in detail †), we found that the oxygen atoms of the NO 3 À moiety bonded to the hydrogen of the hydrazine group at the alkyl chain in the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex. The distances between the NO 3 À oxygens and the -NH hydrogen were in the range 1.93-1.95Å, which is typical of hydrogen bonds (1.5-2.5Å) between an oxygen acceptor and a nitrogen or oxygen donor. 53, 54 These results indicate that the NO 3 À group plays an essential role as an oxygen acceptor for hydrogen bonding in the complex formation of D-L 1 and Ag + .
Thermodynamic study of aggregates I and II
To determine the thermodynamic parameters for supramolecular polymerization, temperature dependent spectra were observed at different concentrations (5-8 mM) of the supramolecular polymer formed with 1.0 equiv. of AgNO 3 were observed from 293 to 373 K at a heating rate of 1 K min À1 (Fig. 7 and S41A †) because a long time is required for complex formation at room temperature. Further, the supramolecular polymerization (nucleation-elongation process) was observed only at concentrations >5 mM, due to the weak 3 : 2 complex formation. To determine the thermodynamic parameters, we calculated the results by referring to a previous study, 55 which obtained thermodynamic parameters at high concentrations.
The plot of CD intensity showed a non-sigmoidal curve that was characterized by the critical elongation temperature (T e ) ( Fig. 7 and S41B †). The onset temperatures for the elongation process were in the range 334.2-339.7 K, representing the critical temperatures between nucleation and elongation. The CD intensities of the supramolecular polymers enhanced with increasing concentration. The heating curves could be tted using a nucleation-elongation model that has the characteristics of a cooperative assembly. [56] [57] [58] We calculated the thermodynamic parameters using the van't Hoff plot. 59 As shown in Fig. 7B , a linear correlation was evident between the concentration and T e in the van't Hoff plot. The standard DG and DH e values for the supramolecular polymer (aggregate II) were calculated to be À19.64 kJ mol À1 and À63.90 kJ mol À1 , respectively. The thermodynamic parameters of aggregate I at 2.0 equiv. of AgNO 3 were also determined ( Fig. S42 †) , even though the formation conditions of aggregate I differ slightly from those in Scheme S1B. † The standard DG and DH e values for aggregate I were À15.82 kJ mol À1 and À33.08 kJ mol À1 , respectively. The reduced DG value compared to that for the formation of aggregate II (DG ¼ À19.64 kJ mol À1 ) conrms that aggregate II was thermodynamic product, as shown in Scheme S1B. † Accordingly, aggregate I was the kinetically favored state at 0.5-1.3 equiv. of AgNO 3 , i.e., aggregate II was the thermodynamically favored state in the energy landscape as related to pathway complexity (Scheme 1 and Fig. S43 †) . These results indicate that the pathway complexity in the self-assembly of aggregates I and II can be rationally modulated by controlling the conformation of the metal-ligand complex depending on the AgNO 3 concentration. On the other hand, the standard DG and DH e values for pristine D-L 1 were calculated to be À15.23 and À25.26 kJ mol À1 , respectively (Fig. S44 †) , which are lower than those for aggregates I and II.
Kinetic study of aggregate II at various concentrations of Ag + and NO 3 À To investigate kinetic control of the supramolecular polymer formation, we performed time-dependent CD experiments ( Fig. 8) . The kinetic proles of supramolecular polymer D-L 1 (8 mM) that formed with different concentrations of AgNO 3 (0.6-1.0 equiv.) in aqueous solution at 25 C showed non-sigmoidal curves with different lag times (Fig. 8) . The t 50 value, at which the transformation is 50% complete, became short as the AgNO 3 concentration increased (Fig. 8B) . The inuence of AgNO 3 concentration on the kinetics conrmed the initial formation of aggregate I consisting of D-L 1 AgNO 3 , which developed into aggregate II consisting of (D-L 1 ) 3 Ag 2 (NO 3 ) 2 . The largest amount of the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex produced during the initial stage in the presence of 1.0 equiv. of AgNO 3 , kinetically accelerated the transformation of aggregate I into the aggregate II. Thus, the concentration of the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex during the initial state played a critical role in producing aggregate II, which exhibited a helical ber structure.
Furthermore, the kinetic proles of the supramolecular polymer were also observed upon addition of NaNO 3 (1.0, 1.4, 1.7, and 2.0 equiv.) in the presence of AgOTf (1.0 equiv.) ( Fig. S45 †) . The highest concentration of NaNO 3 showed the largest positive CD intensity ( Fig. S45d †) owing to formation of the largest amount of the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex under these conditions. These results imply that the kinetics of aggregate II strongly inuenced by NO 3 À anions. Furthermore, the lag time decreased with increasing NaNO 3 concentration, indicating that the NO 3 À anion plays an essential role in the helical inversion from aggregate I to aggregate II. To our knowledge, this is the rst example of a system in which the NO 3 À anion acts as an accelerator and linker in the transformation of aggregates. In addition, the kinetic prole of the supramolecular polymer D-L 2 that does not have an ethyl alcohol moiety showed the same tendency as that of compound D-L 1 (Fig. S46 †) . However, the supramolecular polymerization of D-L 2 was observed in a narrower Ag + concentration range compared to that for D-L 1 because D-L 2 forms the (D-L 2 ) 2 AgNO 3 complex as a main product, as shown by HR ESI-MS measurements.
Conclusions
We have demonstrated that supramolecular polymerization involving a distinct metal-ligand complex was controlled kinetically via the concentration of Ag + and anions in water.
This also enabled the controlled, reversible transformation between M-and P-type helices, with a change in complex structure as a function of Ag + concentration. A change in the complex structure also accompanied the helical inversion, where the M-type helices of (D-L 1 ) 2 AgNO 3 and D-L 1 AgNO 3 were inverted to the P-type helix of (D-L 1 ) 3 Ag 2 (NO 3 ) 2 . In the kinetic study, the (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex was found to play an essential role in chiral inversion. The distinct (D-L 1 ) 3 Ag 2 (NO 3 ) 2 complex produced the chiral supramolecular polymer (aggregate II) via a nucleation-elongation mechanism with a cooperative pathway in the range of 0.5-1.3 equiv. of AgNO 3 , and this process showed an unusually long lag time. In addition, D-L 1 , and L-L 1 in the presence of 0.5-1.3 equiv. of AgNO 3 formed intermediate aggregate I (nanoparticles) as the kinetic product that evolved to afford a helical supramolecular polymer (aggregate II). This transformation can be accelerated according to the Ag + and NO 3 À concentration. Also, AgNO 3 acted as a key component in forming aggregates I and II. In particular, NO 3 À bridged between hydrazine-NH groups of the complex via intermolecular hydrogen bonds in the supramolecular polymer. In contrast, aggregate I formed at over 1.4 equiv. of AgNO 3 was the thermodynamic product. This system is an extremely rare example of chiral supramolecular polymerization based on metal-organic building blocks via control of coordination number. We believe that this concept will greatly contribute to the development of metalcoordinated supramolecular systems with optimized functional properties and may provide new insights into the understanding of the chiral assembly process in complex biological systems.
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